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I.  Introduction 

j-^oron’s  energy  density  (59.0  kJ/g,  137.8  kJ/mL)  is  significantly  higher  than  conventional  liquid  hydrocarbon 
fuels  like  gasoline  and  diesel  (~46  kJ/g,  35-38  kJ/mL),  and  is  greater  than  that  of  aluminum  (31.0  kJ/g,  83.8  kJ/mL) 
or  magnesium  (24.0  kJ/g,  43.0  kJ/mL)  [7],  the  most  popular  metal  additives.  Although  this  makes  boron  an 
attractive  candidate  for  propulsion  and  high  energy  density  fuel  applications  [8,  9],  boron’s  refractory  nature  is  a 
major  problem  in  harnessing  its  energy  content,  because  combustion  occurs  only  at  the  boron  surface.  Additionally, 
boron  oxidizes  upon  air  exposure,  creating  a  roughly  half  nanometer  thick  [2]  layer  of  solid  boron  oxide  ( Tvap  =  1860 
°C)  on  the  surface,  which  inhibits  particle  ignition.  Reducing  the  boron  particle  size  into  the  nanoscale  substantially 
increases  the  boron  surface  area  for  combustion,  and  studies  have  shown  that  in  the  50-200  nm  size  regimes,  flame 
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propagation  and  ignition  rates  of  aluminum  nanothermites  increased  significantly  higher  [10-14].  For  boron 
particles,  it  has  been  shown  that  nanoboron  impregnation  in  gel  propellants  results  in  higher  combustion  efficiencies 
[8,  15,  16]  and  it  is  expected  that  boron  nanoparticles  will  behave  in  similar  fashion  [6].  Unprotected  boron  exposed 
to  air  is  covered  by  a  native  oxide  layer,  which  inhibits  ignition  and  decreases  the  net  energy  density,  particular  for 
small  particles  where  the  oxide  layer  makes  up  a  significant  fraction  of  the  particle  mass.  Therefore,  generating 
nanoparticles  that  are  unoxidized  but  still  air  stable  has  the  potential  to  improve  combustion  efficiency  and  energy 
density. 

Conventional  methods  of  boron  nanoparticle  preparation  include  pyrolysis  of  carboranes,  chemical  vapor 
deposition,  and  liquid  phase  growth  [3-6].  These  methods  produce  high  quality  particles  but  typically  use  expensive 
reagents  or  are  limited  to  small  batches.  For  propulsion  applications,  the  nanoparticle  synthesis  method  should  be 
inexpensive  and  readily  scalable  to  allow  cost-effective  production  of  quantities  required  for  fuel  applications.  Ball 
milling  offers  such  a  method,  and  we  have  previously  demonstrated  production  of  unoxidized  boron  nanoparticles 
for  use  in  hydrocarbon  fuels  [1,  2].  Those  particles  were  found  to  highly  dispersible  in  jet  fuel,  due  to  the  capping 
layer  of  oleic  acid,  which  is  a  common  capping  agent  for  metal  nanoparticle  surfaces  [17-19].  The  polar  carboxylic 
acid  moiety  binds  to  the  metal  surfaces,  leaving  the  hydrocarbon  tail  group  exposed,  thus  allowing  the  particles  to  be 
highly  dispersible  in  hydrocarbon  fuels  and  solvents.  In  a  combustion  environment,  this  capping  layer  is  expected  to 
vaporize  or  burn  off  at  low  temperatures,  thus  allowing  particle  ignition  at  much  lower  temperatures  than  oxide- 
coated  boron. 

Ionic  liquids  (ILs),  i.e.,  salts  with  melting  points  below  100  °C,  have  been  proposed  as  high  energy  density,  low 
vapor  pressure  replacements  for  hydrazine  and  hydrazine  derivatives  in  space  propulsion  with  potential  for  use  in 
monopropellant  and  bipropellant  rocket  engines  [20-27]  and  electrospray  thrusters  [26,  28]  .  Ideally,  any  potential 
propellant  should  retain  hypergolic  properties  comparable  to  that  of  hydrazine  and  its  derivatives;  thus, 
dicyanamide-based  ILs  have  been  seen  as  attractive  candidates  since  they  have  shown  relatively  short  ignition  delay 
times  compared  to  other  known  hypergolic  ILs  [22,  25,  29]. 

IL  propellants  have  been  shown  to  have  energy  densities  higher  than  hydrazine  and  its  derivatives.  Fleintz,  for 
instance,  measured  a  heat  of  combustion  of  30.6  kJ/g  (32.44  kJ/mL)  for  1 -butyl-3 -methylimidazolium  dicyanamide 
([BMIM][DCA])  using  oxygen  bomb  calorimetry  [30],  which  is  substantially  larger  than  that  of  hydrazine  (19.5 
kJ/g,  19.3  kJ/mL),  but  still  inferior  to  liquid  hydrocarbons.  An  obvious  strategy  to  improve  energy  density  is  to 
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incorporate  materials  such  as  boron,  which  have  high  heats  of  combustion.  Recently,  we  conducted  theoretical 
performance  calculations,  using  the  USAF  AFRL  propellant  performance  code  at  standard  conditions,  for  several 
liquid  fuels  (rocket-grade  kerosene,  monomethylhydrazine  and  the  IL,  l-methyl-4-amino-l,2,4-triazolium 
dicyanamide  [MAT][DCA])  containing  a  concentration  of  10  wt  %  boron  particulate;  and  using  dinitrogen  tetroxide 
as  liquid  oxidizer.  Notably,  the  boron-containing  ionic  liquid  fuel  afforded  a  significant  improvement  in  theoretical 
volumetric  impulse  compared  to  the  other  fuels  (i.e.,  14.2  lbrs/in3  for  the  IL  fuel  compared  to  13.3  Ibps/in  ’  for  the 
other  two  fuels).  Shreeve  et  al.  also  studied  ILs  with  boron  atoms  incorporated  within  the  IL  chemical  structure  in 
the  form  of  dicyanoborate  anions  [29,  31].  Although,  they  did  not  report  combustion  energetics,  other  important 
properties  such  as  ignition  delay,  viscosity,  liquidus  range,  thermal  decomposition  temperature,  and  vapor  pressure 
were  shown  to  be  comparable  to  hypergolic  ILs  containing  dicyanamide  and  nitrocyanamide  anions. 

Here,  we  focus  on  an  alternative  strategy  of  making  oxide-free,  IL-soluble  boron  nanoparticles  as  a  high  energy 
density  additive  for  IL  propellants.  Specifically,  we  detail  a  milling-based  method  that  produces  boron  nanoparticles 
that  are  capped  with  the  hypergolic  IL,  [MAT][DCA],  which  has  been  shown  previously  to  have  a  relatively  short 
ignition  delay  compared  to  other  dicyanamide  based  ILs  [22].  Furthermore,  we  show  that  these  IL -capped 
nanoparticles  are  free  of  boron  oxide  and  are  air  stable.  Finally,  we  note  that  it  has  recently  been  shown  that 
[MAT][DCA]  loaded  with  these  boron  nanoparticles  remains  hypergolic  with  no  significant  change  in  ignition  delay 
compared  to  that  of  the  neat  IL,  and  that  flame  intensity  and  color  suggest  that  the  boron  nanoparticles  are  burned  in 
the  hypergolic  ignition  test  [32]. 


II.  Experimental 

Micron-sized  boron  powder  (97%,  ~2pm  particles)  from  C.R.  Supply  Co.  (West  Hills,  CA)  was  used  as  starting 
material.  The  [MAT][DCA]  IL  was  synthesized  at  the  Air  Force  Research  Laboratory  at  Edwards  AFB,  as  described 
elsewhere  [33].  Two  different  milling  procedures  were  studied  in  this  experiment.  In  the  first,  [MAT][DCA]  was 
used  without  any  other  solvents,  functioning  both  as  capping  and  dispersing  agents  for  the  synthesized  nanoparticles. 
In  the  second,  [MAT][DCA]  was  added  to  the  mill  as  capping  agent,  and  then  diluted  with  acetonitrile  as  dispersing 
agent  to  reduce  the  viscosity  of  the  mixture.  The  milling  jars  were  loaded  and  unloaded  in  a  nitrogen  glovebox,  and 
all  liquids  were  degassed  to  remove  oxygen  prior  to  use.  Furthermore,  the  jar  was  purged  and  filled  with  pressurized 
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Ar  prior  to  removal  from  the  glovebox  for  milling.  This  eliminates  any  possibility  that  N2  gas  might  react  with  boron 
at  local  hot  spots  that  form  as  the  powder  is  being  milled. 

The  milling  in  neat  [MAT][DCA]  was  done  using  the  same  small  scale  shaker/mixer  mill  (Spex  Certiprep 
8000M  model)  that  we  used  successfully  in  producing  oleic  acid-capped  boron  nanoparticles  [2].  The  55-mL 
tungsten  carbide-lined  milling  jar  was  loaded  with  1.0  g  of  boron,  together  with  80.0  g  of  V8  inch  tungsten  carbide 
balls,  and  milled  for  one  hour  (“dry”  milling).  Subsequently,  10  mL  of  [MAT][DCA]  was  added,  and  the  mixture 
was  milled  for  an  additional  three  hours.  After  milling,  the  boron/IL  mixture  was  scraped  out  of  the  jar,  and 
separated  from  the  milling  balls.  For  the  process  where  acetonitrile  was  used  as  a  solvent/dispersing  agent  (thus 
greatly  reducing  the  required  IL/boron  ratio)  a  large  planetary  mill  was  used  (Retsch,  Inc.  PM  400  model),  together 
with  a  500-mL  tungsten  carbide  lined  milling  jar.  We  fabricated  modified  lids  with  two  valved  ports,  which  allow 
gases  to  be  pumped  out  of  or  injected  into  the  jar  while  it  is  in  the  glovebox,  without  opening  the  jar.  Because  this 
mill  is  much  larger  and  generates  somewhat  lower  collision  forces  [34]  than  the  shaker  mill,  the  milling  process  was 
modified.  To  compensate  for  the  lower  collision  forces,  the  milling  time  was  increased.  Furthermore,  a  three  step 
milling  process  was  employed,  comprising  dry  milling,  ligand  milling,  and  solvent  milling  steps.  In  the  dry  milling 
step,  five  grams  of  boron  powder  were  dry  milled  with  400  grams  of  V8  inch  tungsten  carbide  balls  for  12  hours  to 
break  the  feedstock  to  smaller  particles.  The  mill  was  operated  at  350  RPM,  and  its  rotation  reversed  every  30 
minutes  with  a  5-minute  rest  interval  in  between  each  reverse  cycle.  For  the  ligand  milling  step,  the  jar  was  opened 
in  the  N2  glovebox,  and  1.5  mL  of  [MAT][DCA]  was  added.  The  jar  was  resealed  and  the  milling  was  resumed  for 
three  hours.  The  ligand  milling  step  is  intended  to  ensure  that  the  freshly  exposed  surfaces  of  the  boron  nanoparticles 
interact  with  [MAT][DCA].  For  the  final  solvent  milling  stage,  the  jar  was  again  opened  and  150  mL  of  acetonitrile 
was  added  to  thin  the  rather  viscous  boron/IL  mixture  and  allow  more  efficient  milling  and  dispersion  into  the 
solvent.  The  solvent  milling  step  lasted  six  hours.  We  used  acetonitrile  as  solvent,  because  it  is  a  relatively  volatile 
polar  solvent  containing  no  oxygen.  For  the  experiments  here,  we  wanted  to  ensure  that  there  was  no  possibility  that 
unpassivated  boron  surfaces  might  react  with  oxygen  during  milling.  We  have  also  used  ethanol  as  solvent, 
however,  we  were  concerned  that  localized  heating  during  the  milling  process  might  lead  to  some  reactivity  of 
ethanol  with  the  unoxidized  boron  surfaces  [35]. 

Safety  precautions:  Unpassivated  boron  nanoparticles  are  highly  pyrophoric,  and  exposure  to  air  leads  to 
spontaneous  ignition,  which  can  be  violent  for  dry  particles.  Ignition  can  occur  after  a  delay  if  the  particles  are  wet 
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at  the  time  of  exposure.  While  the  goal  of  the  milling  procedures  described  above  is  to  produce  air-stable  boron 
nanoparticles,  as  a  safety  measure  we  always  treat  the  particles  as  if  they  were  pyrophoric  until  they  have  been 
proven  to  be  air-stable.  All  tests  and  characterization  procedures  were  conducted  on  small  quantities  to  minimize 
potential  safety  problems.  Opening  and  closing  of  the  milling  jar  for  addition  of  reagents  were  carefully  done  inside 
a  N2  filled  glovebox  and,  as  noted,  the  actual  milling  was  done  in  Ar.  After  milling,  the  mixture  was  removed  from 
the  jar  inside  the  glove  box,  and  a  small  quantity  of  the  mixture  was  tested  for  stability  by  bringing  it  out  and 
exposing  it  to  air.  In  addition,  any  materials  such  as  solvents,  paper  towels,  sample  bottles,  etc.  that  have  been  in 
contact  with  boron  nanoparticles  must  be  treated  as  potentially  pyrophoric.  Before  disposing  such  potentially 
contaminated  items,  they  were  exposed  to  air  in  a  fume  hood  for  several  days  to  ensure  time  for  oxygen  to  diffuse  to 
and  passivate  any  boron  present.  One  additional  precaution  for  the  case  of  acetonitrile  milling  with  boron  is  that  we 
observed  some  gas  build-up  during  milling,  which  was  tentatively  attributed  to  reaction  of  acetonitrile  under  milling 
conditions.  Recognizing  the  possibility  that  such  gas  might  contain  HCN,  the  jar  is  opened  inside  the  glovebox 
which  was  then  purged  and  vented  into  a  fume  hood. 

Scanning  electron  microscopy  (SEM  -  FEI  Nova  Nano  600,  Hillsboro,  OR)  and  dynamic  light  scattering  (DLS  - 
Particle  Sizing  Systems  NICOMP  380,  Santa  Barbara,  CA)  analysis  were  done  to  examine  the  particle  size 
distributions  of  the  samples.  The  composition  of  the  samples  and  the  oxidation  state  of  boron  was  studied  with  X-ray 
photoelectron  spectroscopy  (XPS)  using  a  Kratos  Axis  Ultra  instrument  (Chestnut  Ridge,  NY).  XPS  is  only 
sensitive  to  the  top  few  nanometers  of  the  sample,  thus  it  is  critical  that  all  excess  1L  be  removed  so  that  electrons 
emitted  from  the  boron  surfaces  are  not  attenuated  by  inelastic  scattering  in  the  1L  layer.  This  was  done  by  washing 
the  samples  with  ethanol.  Washing  was  done  by  suspending  the  boron/lL  mixture  in  ethanol,  and  then  centrifuging 
the  particles  out  of  suspension,  leaving  the  excess  IL  to  be  discarded  with  the  supernatant  ethanol.  The  centrifuged 
particles  were  then  ultrasonicated  to  resuspend  them  in  fresh  solvent.  This  washing/centrifugation  process  was 
repeated  two  times  to  remove  excess  IL  and  ensure  that  the  particles  only  retained  the  thin  layer  of  IL  molecules  that 
are  strongly  bound  to  the  surface.  The  sample  was  then  drop-casted  from  ethanol  solution  onto  a  copper  shim,  and 
then  dried  in  air  for  24  hours  to  remove  any  solvent  prior  to  introduction  into  the  XPS  instrument’s  vacuum  system. 
We  have  previously  shown  that  freshly  cleaved  boron  surfaces  oxidize  to  form  the  stable  native  oxide  layer  in  less 
than  a  minute  [2],  therefore  we  expect  that  any  unpassivated  boron  in  the  nanoparticle  samples  would  be  thoroughly 
oxidized  during  the  washing  and  drying  steps. 
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III.  Results 


Boron  nanoparticles  produced  through  both  dry  and  solvent  milling  methods  generated  black  suspensions.  The 
IL-only  milling  produced  a  more  viscous  mixture  (Fig.  1)  due  mainly  to  higher  boron  loading  and  IL  content.  The 
suspensions  are  stable  for  days  and  can  easily  be  resuspended  by  shaking  or  ultrasonicating,  suggesting  that  the 
particles  do  not  form  strongly  bound  aggregates  when  they  settle  out.  Figure  2  shows  a  representative  micrograph  of 
samples  obtained  from  both  milling  processes.  These  samples  were  washed  and  diluted  in  ethanol,  then  drop  casted 
onto  a  TEM  grid,  which  was  subsequently  mounted  on  a  SEM  sample  holder.  Individual  boron  particles  between  50 
to  100  nm  were  observed  in  both  samples.  Significant  aggregation  was  also  observed,  as  expected,  for  samples 
prepared  by  drop  casting  and  solvent  evaporation.  DLS  analyses  of  both  solvent-milled  and  ligand-milled  samples 
are  shown  together  in  Fig.  3.  The  solvent  milling  method  described  above  produced  smaller  particles,  with  bulk  of 
the  mass-weighted  distribution  in  the  ~25  nm  range,  and  a  small  mass  fraction  of  much  larger  particles  around  300 
and  400  nm.  Ligand  milling  in  neat  [MAT][DCA]  mostly  generated  particles  in  the  50  to  100  nm  size  range,  with  a 
small  fraction  (~3%  of  the  total  mass)  of  much  larger  particles  at  the  530  and  710  nm  size  range.  Because  different 
mills  and  milling  times  were  used  for  the  two  processes,  the  origin  of  the  size  differences  is  not  clear;  however,  in 
our  previous  experiences  milling  boron  with  other  ligands  and  solvents  using  both  mills,  we  find  a  tendency  toward 
more  efficient  size  reduction  when  a  liquid  solvent  is  used  to  reduce  the  viscosity  of  the  milling  mixture.  The 
advantages  of  using  liquid  process  control  agents  for  size  reduction  have  been  discussed  by  Suryanarayana  [34]. 
Note,  however,  that  reactions  of  the  solvent  under  milling  conditions  must  be  considered  for  safety  reasons,  as 
discussed  above. 

One  of  the  key  goals  of  this  work  was  to  generate  boron  nanoparticles  that  have  no  surface  oxide  layer,  but  are 
air  stable  under  conditions  that  might  be  seen  during  handling  and  storage  of  boron-loaded  propellants.  To  study  the 
oxidation  state  of  the  boron  nanoparticles  we  used  XPS,  which  is  a  surface-sensitive  technique  that  probes  only  the 
top  ~5  nanometers  of  the  sample.  For  elemental  boron  (i.e.,  B°  -  zero  oxidation  state),  the  Is  orbital  binding  energy 
is  188  eV  [36].  When  it  is  fully  oxidized  to  B203  (i.e.,  B3+)  the  Is  binding  energy  is  shifted  to  193  eV,  a  full  5  eV 
higher  than  in  elemental  boron.  The  top  frame  of  Fig.  4  shows  the  B  Is  region  spectrum  of  boron  that  was  solvent 
milled.  As  described  above,  the  sample  was  ethanol  washed  and  air  dried  prior  to  analysis.  Note  that  there  are  large 
peaks  present  for  both  elemental  boron  (B°)  and  for  fully  oxidized  boron  (B3+),  indicating  a  substantial  degree  of 
oxidation.  In  contrast,  the  bottom  spectrum  shows  that  boron  particles  which  were  milled  with  neat  [MAT][DCA], 
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then  washed  with  ethanol  and  air  dried,  shows  essentially  no  B3  peak  at  193  eV.  The  B  Is  intensity  is  greatly 
reduced  in  this  spectrum  as  well,  which  is  consistent  with  the  boron  surface  retaining  a  significant  coating  of 
[MAT][DCA]  even  after  thorough  washing  and  drying.  This  [MAT]  [DCA]  layer  attenuates  the  electrons  emitted 
from  the  underlying  boron  surfaces.  The  fact  that  the  intensity  is  much  higher  in  the  top  spectrum  indicates  that  the 
boron,  in  addition  to  being  partially  oxidized,  has  much  less  1L  on  the  surface,  which  is  presumably  why  it  is  readily 
oxidized.  In  addition,  the  bottom  spectrum  shows  evidence  of  a  weak  shoulder  at  around  191  eV  which  can  be 
attributed  to  a  partially  oxidized  boron  species.  We  speculate  that  this  shoulder  results  from  boron  atoms  in  the 
surface  layer  of  the  particles  that  are  bound  to  the  IL,  presumably  via  interaction  with  nitrogen  in  the  [MAT][DCA]. 
These  results,  taken  together  with  the  significant  amount  of  nitrogen  Is  signal  observed  in  the  XPS  survey  spectrum 
(Supporting  information  1)  demonstrates  that  this  sample  has  retained  a  substantial  passivating  layer  of 
[MAT][DCA]  that  is  resistant  to  washing  off,  and  is  dense  enough  to  exclude  oxygen. 

It  is  interesting  that  solvent  milling  the  sample  results  in  so  much  oxidation.  This  sample  was  milled  first  with 
neat  [MAT]  [DCA],  which  presumably  binds  to  the  boron  surface  as  it  did  in  the  ligand-milled  sample.  Evidently, 
the  subsequent  milling  of  these  [MAT] [DCA] -coated  particles  with  a  large  excess  of  acetonitrile  washed  a 
substantial  fraction  of  the  [MAT]  [DC  A]  from  the  surface,  so  that  the  capping  agent  is  mostly  lost  when  the  particles 
are  centrifuged  out.  This  removal  of  the  [MAT]  [DCA]  capping  layer  might  result  from  the  high  temperature 
reached  during  milling.  The  jars  reach  temperatures  >95  °C  during  milling,  and  of  course  there  may  be  much  higher 
local  temperatures  in  the  energetic  collisions  in  the  jars.  We  also  tried  ethanol  instead  of  acetonitrile  in  the  solvent 
milling  stage  and  the  samples  still  oxidize  upon  washing  and  drying  in  air.  Clearly,  however,  simply  washing  the 
samples  with  room  temperature  ethanol  (bottom  spectrum  in  Fig.  4)  does  not  remove  the  IL  layer,  because  the 
washed  sample  remains  unoxidized  after  air  drying.  It  appears  that  the  boron-IL  interaction  is  not  as  strong  as  what 
we  have  observed  for  the  boron-oleic  acid  system  where  the  oleic  acid  ligand  remains  on  the  particles,  and  protects 
them  from  subsequent  oxidation  even  when  milling  is  done  with  hexane  as  solvent. 

One  question  is  whether  these  solvent-milled  particles  are  actually  oxidized  during  the  milling  process,  or  if 
they  are  unoxidized  after  milling,  but  then  oxidize  when  exposed  to  air  prior  to  XPS  analysis.  To  answer  this 
question,  we  took  a  part  of  the  solvent-milled  sample  which  had  not  been  exposed  to  air,  washed  it,  and  then 
ultrasonicated  it  with  a  1:1  mixture  of  oleic  acid  and  oleylamine,  all  without  air  exposure.  We  have  previously  found 
oleate  to  bind  to  boron  surfaces,  resulting  in  a  capping  layer  that  renders  the  particles  air-stable.  The  particles  were 
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then  suspended  in  hexane,  ethanol  washed  to  remove  excess  capping  agent,  air  dried,  and  analyzed  by  XPS 
(Supporting  Information  2).  The  XPS  of  this  treated  sample  showed  minimal  surface  oxidation.  This  confirms  that 
the  boron  produced  by  solvent  milling  was  unoxidized,  but  was  also  unpassivated,  so  that  oxidation  occurred  upon 
air  exposure.  We  conclude  that  solvent  milling,  which  aids  in  size  reduction,  can  be  used  to  generate  unoxidized 
particles,  as  long  as  the  capping  agent  is  subsequently  coated  onto  the  particles  before  air  exposure. 

IV.  Conclusion 

This  study  demonstrated  the  efficacy  of  using  [MAT][DCA]  as  a  passivating  ligand  to  produce  unoxidized 
boron  nanoparticles  through  ball  milling  techniques.  [MAT][DCA]’s  capability  to  protect  boron  nanoparticles  from 
air  oxidation  results  from  the  binding  of  the  IL  molecules  to  the  surface  boron  atoms,  and  the  absence  of  an  oxide 
layer  on  the  boron  surfaces  is  expected  to  aid  particle  ignition.  The  details  of  the  boron-lL  interactions  that  result  in 
this  stable  capping  layer  are  under  investigation,  as  the  ignition  properties  of  boron-loaded  IL  propellants. 
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Figures 


Fig.  1  Boron  nanoparticles  milled  with  (a) 
MAT-dca  and  acetonitrile  as  solvent,  and  (b) 
MAT-dca  alone. 
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Fig.  2  SEM  micrograph  of  boron  nanoparticle 
samples  on  a  TEM  grid,  a)  Boron  milled  with 
MAT  dca  and  acetonitrile  as  dispersing  medium 
b)  boron  milled  with  MAT  dca  only. 
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particle  diameter  (mil) 


Fig.  3  DLS  size  distribution  of  boron  nanoparticles  from  both  milling  processes.  Milling  with  acetonitrile 
solvent  produces  smaller  particles  than  by  milling  with  MAT-dca  alone. 


Fig.  4  High  resolution  Boron  Is  region  XP  spectra  of  powders  milled  with  MAT-dca  and  then  with 
acetonitrile  as  solvent  (top)  and  with  MAT-dca  only  (bottom). 
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Supporting  Information  1.  XPS  survey  spectrum  of  a  lightly  sputtered  boron  sample 

milled  with  MAT-dca  alone.  Significant  amount  of  nitrogen  coming  from  the  IL  is  observed  even 
after  thorough  washing  with  ethanol. 
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Supporting  Information  2.  Bis  Region  scan  of  B  sample 

milled  with  MAT-dca  and  acetonitrile  solvent  then  sonicated  with  oleic 
acid  oleylamine  surfactant  mixture  before  washing  and  exposure  to 
air.  Oxidation  is  minimized  by  such  treatment. 
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